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A photosensitive plate based on sintered TiO2 nanoparticles has
been developed to carry out in-source photo-induced reductions
for cleavage of disulﬁde bridges using glucose as a hole scaven-
ger during laser desorption ionization.
Matrix Assisted Laser Desorption Ionisation (MALDI) is a
widely used technique in the growing ﬁeld of proteomics.1
During the ionization step, many complex charge and energy
transfer processes inducing photochemical redox reactions take
place within a few nanoseconds in the plume,2–4 leading to
potential useful in-source reactive applications. Organic acids
such as sinapinic acid, 2,5-dihydroxybenzoic acid or a-cyano-4-
hydroxycinnamic acid are generally used as matrices, while
novel inorganic materials such as TiO2 have been introduced
recently either to present additional functions on the target
plate or to enhance the ion yield for non volatile analytes.5,6
TiO2 nanoparticles can act as sensitizers for light-induced redox
processes due to their electronic structure characterized by a
ﬁlled valence band and an accessible empty conduction band.7
Upon irradiation at appropriate wavelengths, electrons are
excited from the valence band to the conduction band, yielding
electron–hole pairs.7 These excited electrons can either be used
directly to generate electricity as in photovoltaic solar cells,8 or
to drive a chemical reaction as in photocatalysis.9 This photo-
chemistry approach has been applied to many ﬁelds,10–13 but
not yet widely used in biological sciences. Recently, we have
developed a TiO2-based photo-electrode on a target plate to
control photo-electrochemical redox reactions during the ma-
trix assisted laser desorption ionization process, where the
generated products can be directly analyzed by the time-of-
ﬂight mass spectrometer.14 As a ﬁrst application, we reported a
MALDI in-source photocatalytic oxidation reaction for online
peptides tagging.14
Herein, we propose another application to drive in-source
photo-reduction reactions. As a matter of fact, photocatalytic
reductions are much less frequently studied than oxidations,
probably because the reducing ability of a conduction band
electron is considerably lower than the oxidizing one of a
valence band hole.15 As reported, the trapping of conduction
band electrons on the nanoparticles is very fast.16 To prevent
this kind of electron quenching from on-surface or in-volume
recombination, it is anticipated that the addition of an electron
donor can theoretically be beneﬁcial by scavenging valence
band holes and thereby freeing more reductive equivalents.15
To date, the photocatalytic reduction of carbon tetrachloride
or nitroaromatics in solution has been reported in the presence
of a large excess of electron donors, such as isopropanol.17
However, there is no example of in-source photocatalytic
reduction realized during laser desorption ionization (LDI)
using inorganic nanoparticles.
In principle, this photo-reduction concept could be used to
carry out in-source protein decay and disulﬁde bond cleavage,
which are typical reduction processes employed in proteo-
mics.18,19 Indeed, disulﬁde bond formation is a post-translational
modiﬁcation that strongly stabilizes the 3D structure of proteins,
and their cleavages is necessary for the rapid sequencing
of proteins containing such modiﬁcations.18 Additionally,
disulﬁde bridge mapping can be an important step for the
structural characterization of proteins. The traditional disulﬁde
proﬁling approaches require several complex pre-treatment
strategies such as digestion, chemical reduction, modiﬁcation
and fractionation.20 Recently, Tanaka et al. reported a new
matrix, 1,5-diaminonaphthalene, to help disulﬁde reduction
for on-line disulﬁde mapping.20 Herein, an alternative protocol
based on a photo-catalytic reaction using a TiO2-modiﬁed
plate is developed to realize the in-source cleavage of disulﬁde
bonds as well as laser desorption ionization with the assistance
of hole scavengers.
The TiO2 spot array is made by depositing and sintering P25
TiO2 nanoparticles on a commercial steel target plate for a
Bruker Microﬂex (ESI). To achieve highly eﬀective reduction
on the nanoporous TiO2 structure, glucose was used as a non-
volatile electron donor and deposited together with sample
proteins on the modiﬁed plate. Considering the abundant
hydroxyl groups in the carbohydrate, glucose is acting as a
strong hole scavenger for the photocatalytic reduction occur-
ring in the ion source. Indeed, it has been proven that glucose
can scavenge holes in aqueous media eﬃciently by using a
nanosecond time-resolved transient absorption spectroscopy,
where the decay kinetics of electron would ﬂatten out with the
presence of the electron donor.21 As illustrated in Scheme 1a,
under the irradiation by the laser source, the TiO2 nano-
particles can absorb photons generating electron–hole pairs
and acting as photosensitisers, where an electron would be
injected into the valence band from glucose generating an
oxidized glucose, and the excited conduction band electron
can therefore be employed to induce the disulﬁde bond cleavage.
The major advantage of the present approach stems from the
large speciﬁc surface area of the mesoporous structure oﬀering a
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high redox capacity while enabling the very eﬀective determina-
tion of the reduction products of a given molecule by mass
spectrometry.
To illustrate the present photo-reductive protocol, human
insulin was selected as an example to carry out in-source
reduction of disulﬁde bonds during laser desorption ioniza-
tion. Human insulin is a protein consisting of two peptide
chains, i.e. A- and B-chains, and three disulﬁde bonds, includ-
ing two bridge bonds and an intra-bond, as shown in
Scheme 1b. By reducing these disulﬁde bonds, two fragments
derived from A- and B-chains can be generated. To study the
TiO2 photo-reductive property, the mass spectrometry analy-
sis was ﬁrst carried out classically in the presence of an organic
matrix and then with the TiO2-modiﬁed target plate. Fig. 1b
shows the MALDI mass spectrum of human insulin obtained
on a stainless steel target plate with the conventional matrix,
DHB, in positive linear mode. The detected ions are primarily
derived from the intact insulin molecule as singly charged or
doubly charged ions. No signiﬁcant observation of visible
A- and B-chains ions indicates that the reduction reaction
cannot eﬃciently take place with the DHB matrix, which is
however known to present some reductive properties.22
Conversely, when the same experiment was carried out using
the TiO2-based LDI-MS with the assistance of glucose in
positive linear mode, two intense peaks representing A- and
B-chains were newly observed together with the peak standing
for intact human insulin, while the doubly charged ion peak
disappeared (Fig. 1a). These data demonstrate that the
TiO2-modiﬁed plate can be employed eﬃciently for photo-
catalytic reduction in the presence of sacriﬁcial electron
donor reagents.
To verify the eﬀect of glucose as a hole scavenger during the
in-source photocatalytic-reduction procedure, citric acid was
used instead for comparison. It has been proven that citric acid
could act as an eﬃcient proton donor and hole conductor
favoring the long distance redox reactions while assisting
sample ionization.5,14 Fig. 1c shows the mass spectrum
obtained with the TiO2-modiﬁed plate for a disulﬁde bond
reduction of human insulin in positive linear mode with the
assistance of citric acid. In the mass spectrum, only peaks from
intact human insulin together with a very weak peak from
B-chain are observed, showing that the reductive property is
not strong enough using citric acid TiO2-LDI. Without
glucose working as a sacriﬁcial hole scavenger, there would
be strong volume and surface recombination of electrons and
holes,15 and thus the number of electrons available for
inducing disulﬁde bonds cleavages would be limited. There-
fore, the presence of glucose is essential for enhancing the
photo-reductive ability of the system to achieve disulﬁde
bond cleavages.
If the proposed approach appears successful to map the
disulﬁde bonds of insulin, it has to be noticed that the
resolution achieved is limited. In the present state, it would
be a drawback for practical applications. Diﬀerent from
organic matrices, the sintered TiO2 layer might not supply
an ideal environment for ion formation of large molecules. It is
generally acknowledged that the incorporation of the analyte
into matrix crystals is an important prerequisite for a success-
ful MALDI analysis of proteins and peptides.2,4 For the
results shown in Fig. 1a and c, it could be hypothesized that
Scheme 1 (a) Schematic representation of the in-source photo-
catalytic reduction of disulﬁde bond with the assistance of glucose
on a TiO2 photoelectrode plate; (b) Structure of human insulin.
Fig. 1 Mass spectra of human insulin (17 pmol) obtained (a) on the
TiO2 photoelectrode plate with the presence of glucose (10 mg), (b) on
a normal target plate using DHB matrix and (c) on the TiO2 photo-
electrode plate with the presence of citric acid (10 mg) in linear positive
ion mode.
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the analytes are well incorporated into the crystalline glucose
or citric acid but separated from the laser energy absorber, i.e.
the TiO2 nanoparticles, resulting in a poor mass spectrum,
where a spread of the initial velocity of the formed ions occurs.
Additionally, based on the cluster model developed by Karas
et al., which assumes that the ions are mainly preformed in the
solid matrix and then undergo incomplete neutralization in the
plume, leaving only some useful ions at the end,2,3 it appears
realistic that the use of the neutral glucose rather than the
acidic matrix induces a smaller formation of ions in the crystal,
thus limiting the ionization. The photochemical reactions
occurring in the ion source may also induce ion energy spread,
which cannot be compensated by the delayed extraction time.
Experimental and theoretical investigation leading to a better
understanding of the role of the addition of acidic intermediate
molecules or redox mediators is now being pursued in order to
enhance the ionization ability and catalytic eﬃciency.
The in-source photo-electrochemical mechanism happening
within nano-seconds is a complicated process, where not only
ﬁnal products but also many intermediate active species, such
as radicals, electrons and protons, are generated. In this case,
it can be proposed that glucose is oxidized by the photo-
induced valence band holes giving out electrons and protons,
while the disulﬁde groups of the protein would be reduced by
capturing electrons from the conduction band and protons. It
is likely that the reduction is initiated either at the surface or in
the nanopores of the TiO2 photoelectrode, but that further
charge transfer reactions occur in the plume. Beneﬁting from
the large speciﬁc surface and pore volume and the conﬁnement
eﬀect, the reduction is very eﬀective as being observed. Further
investigation of the reduction mechanism is still in progress.
In summary, we have demonstrated that it is possible to
perform in-source photocatalytic reduction reactions during
laser desorption ionization using a mesoporous TiO2-modiﬁed
target plate. Speciﬁcally, we have carried out the reduction of
disulﬁde bonds in human insulin using glucose as a sacriﬁcial
hole scavenger and proton donor. The long term aim of this
work is to develop simple in-source cleavage protocols for high
throughput on-line sequencing of proteins containing disulﬁde
bonds. More generally, the present system shows a versa-
tile and promising strategy for the rapid study of in-source
peptide decay and/or other biomolecular reductions by
integrating the sample reduction and ionization in one step
followed by mass spectrometry analysis.
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